Introduction {#sec1-1}
============

Spinal cord injury (SCI) is a severe traumatic disease of the central nervous system characterized by high incidence and high morbidity. SCI brings heavy economic and psychological burden to individuals and their families and to society (Uchida et al., 2016; Liu et al., 2017). SCI includes two stages: primary mechanical structural damage and secondary neurological dysfunction (Zhang et al., 2016; Ji et al., 2017; Yamasaki et al., 2017). Traditional surgical treatment can only restore the stability of the spine and has little effect on the secondary neurological dysfunction (Zhao et al., 2016; Han et al., 2017). Previous studies have focused on the use of growth factors to alleviate secondary injury and to promote the recovery of axonal growth, limb movement and sensory function (Ding et al., 2014; Dhall et al., 2017; Fang et al., 2017; Farjah et al., 2017; Peng et al., 2017).

Bone morphogenetic proteins (BMPs) are a multifunctional family of growth factors that belongs to the transforming growth factor-β superfamily (Ruzicka et al., 2016; Yang et al., 2016). Numerous studies have shown that BMP7 is a potent factor in the treatment of neurological diseases (Lo et al., 2013; Celik et al., 2014; Bowers et al., 2016). After SCI, the expression of Bmp7 mRNA is remarkably increased (Chikuda et al., 2014), and the number of BMP7-expressing glial cells and motor neurons is dramatically increased (Yin et al., 2013; Furlan et al., 2016). Thus, the up-regulation of BMP7 after SCI may play an important role in nerve repair (Camassola et al., 2012; Ojo et al., 2017). The effects of direct injection of BMP7 into an injured spinal cord have not been investigated. Therefore, in this study, BMP7 was directly injected into rats with SCI, and we explored the role of BMP7 in repairing SCI. We provide a theoretical basis for the treatment of SCI with BMP7.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

One hundred specific-pathogen-free male Wistar rats aged 4 weeks and weighing approximately 110 g were provided by the Experimental Animal Center of Xinjiang Medical University of China \[license No. SCXK (New) 2015-001\]. The rats were placed in a standard environment: normal day/night lighting schedule, relative humidity 60 ± 10%, temperature 25 ± 1°C, free access to food and water. This experiment was reviewed and approved by the Ethics Committee of Xinjiang Production and Construction Corps Hospital, China (approval number: 2018\[13\]).

Acute SCI model {#sec2-2}
---------------

Wistar rats were divided into three groups: Sham operation, SCI control, and BMP7 (*n* = 30 per group); the remaining 10 rats were used to supplement groups if rats died. After preoperative shaving, rats were anesthetized by intraperitoneal injection of 10% chloral hydrate (30 mg/100 g; Rongbo Biotechnology Co., Ltd., Shanghai, China). A laminectomy was performed at the T~10~ level of the spinal cord to expose the dura. In the control and BMP7 groups, Allen\'s impactor (provided by the Orthopedics Center, First Affiliated Hospital, Shihezi University School of Medicine, China) set at 15 g × 20 cm was used to injure the spinal cord at T~10~. One end of a 0.1 mm polyethylene catheter was inserted into the subarachnoid space of the lesion, and the other end was sealed with a heparin cap. The dura mater, muscle and skin were then sutured layer by layer.

The acute SCI rat model was deemed to be successfully established in accordance with previous criteria (Jain et al., 2006; Chen et al., 2014; Rao et al., 2014; Hosseini et al., 2016): The local spinal cord tissue showed hemorrhage and edema, but the dura was intact, and spasmodic swing, retraction flutter and hind limb paralysis could be present.

During post-processing, the rats were placed in cages, allowed free access to food and water, and had bedding changed daily. All rats were intramuscularly injected with penicillin (Yu Bo Biotechnology Co., Ltd., Shanghai, China) (40 thousand U/ times) each day after the operation for 3 days. In the sham operation and BMP7 groups, auxiliary urination was performed by exerting bladder pressure twice a day until the recovery of autonomic urination. In the BMP7 group, 50 ng BMP7 protein (R&D Systems, Minneapolis, MN, USA) dissolved in normal saline was injected once per day into the injury site *via* the 0.1 mm polyethylene catheter for 7 consecutive days, starting 30 minutes after the operation. Rats in the control group were given an equal volume of 0.9% sodium chloride (Yu Bo Biotechnology Co., Ltd.) under the same administration regimen.

Behavioral assessment {#sec2-3}
---------------------

The Basso, Beattie, Bresnahan (BBB) scale scores of rats were evaluated before operation, and at 6 hours, 3 days, 1, 2, 4 and 8 weeks after successful modeling to assess the functional recovery of hind limbs. A perfect score is 21. The higher the BBB score, the better the coordination function of the hind limbs and the higher the ability to perform fine hind limb movements, indicating good recovery of hind limb function (Yu et al., 2005; Celik et al., 2014).

Electrophysiology {#sec2-4}
-----------------

Motor evoked potential (MEP) was measured using a biological signal acquisition and processing system MP150 (Yuyan Instrument Company, Shanghai, China) at 1 and 8 weeks post-operation. After anesthesia, a small hole 1 mm posterior to the anterior fontanel and the sagittal suture was opened. The stimulating electrode was placed into the small hole. The recording electrode was placed into the right posterior gastrocnemius, with the positive and negative poles 1 cm apart. The positive pole was at the proximal end, and the negative pole was at the distal end. The reference and recording electrodes were at the same level, and placed under the skin. Stimulus parameters: Coarse voltage, single stimulus, strength 3.00 V, gain G-2000, time constant T-0.01 s, filtering *f* = 1 kHz.

Hematoxylin-eosin staining {#sec2-5}
--------------------------

Rats in the control and BMP7 groups were anesthetized by intraperitoneal injection of 10% chloral hydrate at 6 hours, 3 days, 1, 2, 4 and 8 weeks after injury. The chest was opened to expose the heart, and 0.9% sodium chloride (containing heparin, 15 U/mL) was injected into the left ventricle until the body stiffened, followed by perfusion with 4% paraformaldehyde (Suobao Biotechnology Co., Ltd., Beijing, China). Spinal cord tissue of about 1 cm in length centered on the lesion was removed and placed in 4% paraformaldehyde for 24 hours. After paraffin embedding, six 6-μm-thick slices were cut for each rat using a microtome (Yuyan Instrument Company). The slices were placed in a 60°C oven for 30 minutes to melt the paraffin wax, deparaffinized in xylene (Rongbo Biotechnology Co., Ltd.), dehydrated in alcohol, and stained with hematoxylin (Junrui Biotechnology Co., Ltd., Shanghai, China) for 5 minutes. These sections were then differentiated with 1% hydrochloric acid for 10 seconds, stained with eosin (Junrui Biotechnology Co., Ltd.) for 3 minutes, cleared in xylene, mounted with neutral resin, and finally observed under an optical microscope.

Western blot assay {#sec2-6}
------------------

At 6 hours, 3 days, 1, 2, 4 and 8 weeks after injury, the expression of neurofilament protein 200 (NF200) and glial fibrillary acidic protein (GFAP) was detected by western blot assay. After homogenization of spinal cord specimens from control group and BMP7 groups, RIPA lysate (Wako Pure Chemical Industries, Tokyo, Japan) was added and incubated for 30 minutes. Samples were then centrifuged at 7200 ×*g* and 4°C for 5 minutes and the supernatants collected. Protein concentration was determined using the bicinchoninic acid assay and the same amount of protein from each sample was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Subsequently, proteins were transferred onto polyvinylidene fluoride membranes. Membranes were blocked in 5% bovine serum albumin 1H solution at room temperature. Internal reference β-actin was monitored with mouse anti-β-actin monoclonal antibody. Mouse monoclonal NF-200 (neuron marker) and GFAP (astrocyte marker) (1:400; Boster Biological Technology, Wuhan, China) primary antibodies were added and incubated overnight at 4°C. After washing with Tris-buffered saline Tween-20 three times, a goat anti-mouse secondary antibody (1:10,000; Boster Biological Technology) was added and incubated at 37°C in the dark for 1 hour. The samples were visualized by ECL luminescence. The target protein bands were compared by grayscale scan analysis.

Statistical analysis {#sec2-7}
--------------------

Data were analyzed using SPSS 19.0 statistical software (IBM, Armonk, NY, USA). Normally distributed data were expressed as the mean ± SD. The mean between groups was analyzed by one-way analysis of variance, and the Student-Newman-Keuls test. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Ninety-six rats were included in the study. During the experiment, three deaths occurred in the BMP7 group; two deaths occurred in the control group; and one death occurred in the sham operation group. All dead rats were supplemented with new ones. A total of 90 rats were included in the results.

Effects of local BMP7 injection on rat hind limb motor function {#sec2-8}
---------------------------------------------------------------

Two rats in the control group and one in the BMP7 group had died at 3 days after injury. After 1 week, one further rat in each of the control and BMP7 groups had died. Both groups were supplemented with new rats. The results of BBB showed that the hind limb motor function was not affected in the sham operation group. In the control and BMP7 groups, hind limb motor function was completely lost after model establishment, and gradually recovered over 3 days. The BBB scores for the BMP7 group were significantly higher than those for the control group at 1, 2, 4 and 8 weeks (*P* \< 0.05; **[Table 1](#T1){ref-type="table"}**).
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Effects of local BMP7 injection on electrophysiological parameters in rats {#sec2-9}
--------------------------------------------------------------------------

The MEP waveform at the T~10~ level was normal in the sham operation group, *i.e*., P1-N1-P2. The upward N1 wave was the most stable among the three groups (**[Figure 1A](#F1){ref-type="fig"}**). At 1 week after injury, the N1 wave in the MEP wave of control and BMP7 groups was lower than that of the normal N1 waveform (**Figure [1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}**). At 8 weeks after injury, the MEP waveforms in the control and BMP7 groups were mostly M-shaped bimodal waves, and their amplitudes were significantly higher compared with those at 1 week. The amplitude was higher in the BMP7 group compared with that of the control group (**Figure [1D](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}**).

![Effects of local injection of BMP7 on MEP waveforms at different time points in each group.\
(A--C) MEP waveforms of sham operation (A) control (B), and BMP7 groups (C) at 1 week. (D, E) MEP waveforms of control (D) and BMP7 groups (E) at 8 weeks. Abscissa: Recording time (ms); ordinate: nerve voltage (mV); BMP7: bone morphogenetic protein 7; MEP: motor evoked potential.](NRR-13-1054-g003){#F1}

Effects of local BMP7 injection on injured tissue of rats {#sec2-10}
---------------------------------------------------------

As shown in **[Figure 2](#F2){ref-type="fig"}**, Nissl body staining in the control and BMP7 groups was weak; the number of Nissl bodies was reduced; the number of neuronal cells was decreased; and the number of neuronal nuclei was reduced; the nuclei of neuronal cells became pyknotic; and many cavities appeared after liquefaction of spinal cord tissue. Histological changes were similar between the control and BMP7 groups at 6 hours and 3 days after surgery. At 1--8 weeks after BMP7 treatment, the number of Nissl bodies at the injury site was higher in the BMP7 group than in the control group, and the BMP7 group had fewer holes than the control group.

![Effects of local BMP7 injection on injured tissue (hematoxylin-eosin staining).\
At 1--8 weeks after BMP7 treatment, the Nissl staining was stronger in the BMP7 group compared with the control group, and there were more Nissl bodies in the BMP7 group than in the control group at each corresponding time point. Scale bars: 10 μm. Original magnification, 400×. BMP7: Bone morphogenetic protein 7.](NRR-13-1054-g004){#F2}

Effects of local BMP7 injection on the levels of NF200 and GFAP at the injury site of the spinal cord {#sec2-11}
-----------------------------------------------------------------------------------------------------

The levels of NF200 and GFAP were different between the control and BMP7 groups (**[Figure 3A](#F3){ref-type="fig"}**). The gray-scale scanning results of each band showed no significant changes in NF200 levels at different time points in the sham operation group. The level of NF200 in the BMP7 group was remarkably increased at 3 days, and was highest at 4 weeks after injury. At 1, 2, 4, and 8 weeks after injury (**[Figure 3B](#F3){ref-type="fig"}**), NF200 levels were higher in the BMP7 group than in the control group (*P* \< 0.05). The levels of GFAP at the injury site reached a peak after 2 weeks in both control and BMP7 groups, and then decreased, but there was no significant difference between groups (**[Figure 3C](#F3){ref-type="fig"}**).

![Effects of local BMP7 injection on the expression of NF200 and GFAP at various time points in the control and BMP7 groups.\
(A) NF200 and GFAP at the injury site at different time points. (B, C) The grayscale ratios of NF200 and GFAP bands relative to β-actin for control and BMP7 groups at different time points. \**P* \< 0.05, *vs*. control group (mean ± SD, *n* = 5; one-way analysis of variance and Newman-Keuls multiple comparison test). BMP7: Bone morphogenetic protein 7; NF200: neurofilament protein 200; GFAP: glial fibrillary acidic protein.](NRR-13-1054-g005){#F3}

Discussion {#sec1-4}
==========

BMP7, a member of the BMP family, was first shown to have an osteogenic effect; however, subsequent studies showed that BMP7 has a neuroprotective function at the early stage of SCI (Wilson et al., 2012; Jia et al., 2014; Wang et al., 2014; Luan et al., 2015). Wang et al. (2016) found that BMP7 can inhibit oligodendrocyte apoptosis induced by tumor necrosis factor-α, reduce demyelination, and protect nerve function after SCI. Hu (2014) intravenously injected BMP7 into Sprague-Dawley SCI model rats, and found that GFAP expression increased in the injured spinal cord segment. This finding indicated that BMP7 promoted the proliferation of astrocytes, reduced glial scaring and inhibited inflammation, thereby protecting the nerves and reducing the occurrence of secondary damage. Therefore, this study investigated the effect of BMP7 protein on the recovery of motor function after SCI, and further explored its mechanism of action to provide new ideas for the treatment of acute SCI.

In the present study, the SCI model was established according to Allen\'s method and BMP7 was applied to the injury site. The effect of BMP7 on the recovery of motor function after SCI was determined by BBB scores and neurophysiological examination. The BBB score of the BMP7 group was higher than that of the control group at 1 week after injury. At 8 weeks, the BBB score was also higher in the BMP7 group compared with the control group, indicating that BMP7 promoted the recovery of motor function after SCI in rats. Park et al. (2013) used agmatine in SCI rats and found that elevated expression of BMP7 resulted in obvious improvement of histological findings and motor function, neuroprotection, and reduction of local glial scarring. Their results suggest that BMP7 favors the recovery of neurological function after SCI. Our study involved application of BMP7 directly at the injury site. This produced a higher BBB score in the BMP7 group than in the sham operation group, consistent with the results of Park et al (2013).

MEP is an electrical signal recorded in the central nervous system and in the distal spinal cord, peripheral nerve or muscle, that can directly reflect the functional status of the descending spinal cord or a peripheral motor nerve (Gage et al., 2000; Lo et al., 2013; Zhang et al., 2014; Yılmaz et al., 2015). The MEP waveform and amplitude changes can verify whether BMP7 treatment promoted spinal motor conduction recovery after SCI. The results showed that the MEP waveforms in the BMP7 group at 8 weeks after injury were mostly M-shaped bimodal waves; the amplitude in the BMP7 group was dramatically higher at 8 weeks than that at 1 week, and the amplitude was higher in the BMP7 group compared with the control group, suggesting that the motor conduction pathway in the BMP7 group was partially repaired and that motor function was improved at 8 weeks. In this experiment, morphological observation and neurophysiology showed that BMP7 promotes recovery of motor function in SCI rats.

We also observed histological changes by hematoxylin-eosin staining. After BMP7 treatment, Nissl body staining of rat spinal cord lesions became stronger; the number of vacuoles was gradually decreased; and the number of synapses was increased. Nissl bodies indicate the main sites of protein synthesis in neurons (Haubruck et al., 2016; Westhauser et al., 2016; Dong et al., 2017; Yang et al., 2017). When neuronal cells are over-stimulated, such as after mechanical damage to the spinal cord, Nissl bodies can reduce in size or disappear; when the damaging agent disappears, Nissl bodies can be restored with simultaneous restoration of protein synthesis and cell metabolism. Therefore, Nissl bodies can be used to indicate neuronal status (Fehlings et al., 2012; Chikuda et al., 2014; Cui et al., 2015; North et al., 2015; Holland et al., 2016; Okuda et al., 2017). Our results show that, after BMP7 treatment, Nissl body staining at the injury site became stronger, suggesting that after BMP7 treatment, the metabolic function of neurons was gradually restored, and neuronal function was partially repaired in SCI rats.

NF200, a specific marker of neurons, mainly exists in the cytoplasm and axons of neurons. The expression level of NF200 reflects the number and function of neurons (Chen et al., 2015; García-Álvarez et al., 2015; Yin et al., 2015; Manthou et al., 2017). GFAP is a cytoskeletal component specifically expressed in astrocytes. GFAP levels can reflect the degree of astrocyte proliferation and necrosis (Perron et al., 2011; Martinez et al., 2013; Namsolleck et al., 2013; Kanno et al., 2014). In this experiment, the expression of NF200 and GFAP in the injured spinal cord at different time points was detected by western blotting. In the BMP7 group, NF200 expression in the injured segment was significantly increased after 1 week and reached a peak level at 4 weeks. The amount of GFAP was not remarkably different from that in the sham operation group. The increased level of NF200 in the injured segment indicated that the number of local neuronal cells was increased and that neuronal cell function was enhanced. We conclude that BMP7 can promote the differentiation of local neural progenitor cells into neuronal cells, thus increasing the number of neuronal cells and promoting the repair of motion conduction pathways after SCI. The expression of GFAP in the injured segment was not obvious, indicating that BMP7 had little effect on astrocytes. However, this result is in contrast to the conclusion of Hu et al (2014) who showed that BMP7 can promote GFAP expression after SCI. Differences between this study and that of Hu et al., may explain these differences; for example: (1) Hu et al. (2014) modeled SCI using the cerclage method, whereas we established the SCI model using Allen\'s method. The mechanism of the two methods and the degree of SCI were different, thus the specific mechanism of spinal cord repair was different. (2) Hu et al. treated SCI by intravenous injection of BMP7. In this study, the BMP7 protein was directly injected onto the injury site through the subarachnoid catheter. Different injection protocols can cause different local BMP7 protein concentrations, and different drug concentrations stimulate different repair mechanisms.

In summary, BMP7 can promote motor function recovery after SCI in rats. Nevertheless, its precise mechanism of action requires further study. We speculate that BMP7 can promote the differentiation of local neural progenitor cells into neuronal cells, thereby increasing the number of neurons and promoting repair of the motor conduction pathway. Taken together, our results provide a theoretical basis for the clinical application of BMP7, and provide a new perspective for the treatment of acute SCI.
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